Abstract. Four successive storms with freezing rain and snow blanketed South China from 10 January-2 February 2008, when the precipitation increased more than 200%-300% above the average for the corresponding period. The unusual atmospheric circulation associated with these disasters was caused by many complex physical processes, one of which was the active southern branch of currents over low latitude ocean areas which provided plenty of water vapor for South China. The ground-based GPS Precipitable Water Vapor (PWV) measurements on the Tibetan Plateau, supported by the China and Japan Intergovernmental Cooperation Program (JICA), has compensated for the lack of conventional observations of atmospheric water vapor in this area and provided a good opportunity to analyze the character of the water vapor transport in the four heavy precipitation processes. It was found that the GPS stations located on the southeastern Tibetan Plateau were on the route of the water vapor transport during 25 January-29 January and 31 January-2 February when two heavy precipitation events occurred over South China. The increasing trend from the one to two days pre-observation by the GPS stations was then associated with the heavy precipitation. Precipitation during 10 January-16 January and 18 January-22 January was significantly related to the abnormal variation of the one day preobservation by the GPS stations located on the northeastern Tibetan Plateau. This research indicates that ground-based GPS measurements are applicable to data assimilation in operational numerical models.
Introduction
The Tibetan Plateau, the largest and highest plateau in the world, has unique geologic features and plays an important role in global energy and water cycles (Flohn, 1968; Ma et al., 2006; Liu et al., 2007; Xu et al., 2008) and is also the source of the Changjiang (Yangtze River) and Huanghe (Yellow River). It serves as a transfer point for the water vapor from low latitude ocean areas to East Asian areas including the Changjiang Estuary region (Xu et al., 2003) . It is crucial to understand the impact of the Tibetan Plateau on precipitation over East Asia and global climate change in terms of dynamics and thermodynamics (Tao and Ding, 1981; Wu and Zhang, 1998; Wu and Qian, 2003; Zhao et al., 2007) . The lack of meteorological stations and observation of water vapor over the Tibetan Plateau has long been one of the primary difficulties in the analysis and prediction of abnormal precipitation over the Changjiang Estuary region. Recently, a complex meteorological observation system was established on the Tibetan Plateau and its surrounding eastern area. This system, as an important component of JICA, includes ground-based GPS, Automatic Weather Station (AWS) and wind speed profiler, and provides high spatial and temporal resolution PWV data. It has been proved that PWV data measured by ground-based GPS has the same accuracy as Radiosonde (Bevis et al., 1992; Rocken et al., 1997; Iwabuchi et al., 2000; Braun et al., 2001; Fujita et al., 2008; Shoji et al., 2009 ). Thus, the GPS PWV data under JICA has compensated for the lack of conventional observations of atmospheric water vapor on the Tibetan Plateau. It has been demonstrated that the observation of PWV can be assimilated into the Weather Research and Forecasts (WRF) model and it may significantly improve the numerical simulation and forecasting of precipitation over the downstream area of the Changjiang (Peng et al., 2009) . From 10 January to 2 February 2008, South China experienced four successive storms with freezing rain and snow which are very infrequent in terms of influence area, duration, intensity, and disaster loss. According to our records, that snowfall was a once-in-50-year event which means its largest precipitation has a 2% chance of occurring in any given year. Figure 1 shows the precipitation distributions during the four successive storms. The first two heavy precipitations ( Fig. 1a and b) , during 10 January-16 January and 18 January-22 January, were over Anhui, Jiangsu, and Hubei which are located in the northern part of South China. The third and fourth precipitations ( Fig. 1c and d ) which occurred during 25 January-29 January and 31 January-2 February concentrated on the southern part of South China (specifically, Jiangxi, Hunan, and Guangxi). Overall, there was more precipitation in the third and fourth processes. The total precipitation from these four processes averaged more than 200%-300% of the corresponding period. It is well known that transfer of water vapor is very important in successive precipitation events. Thus, it is interesting to analyze the influence of the water vapor over the Tibetan Plateau from those four heavy precipitation processes. This study analyzed the features of the water vapor transfer and the influence of the GPS PWV over the Tibetan Plateau on the precipitation processes by using hourly PWV from ground-based GPS stations on the Tibetan Plateau and precipitation data from AWSs in South China.
Synoptic circulation and vertically integrated water vapor flux in the precipitation processes
Based on the analysis of atmospheric circulation patterns during the snowstorms, the successive heavy precipitation over South China was caused by associated atmospheric circulation anomalies. Figure 2 Figure 3 shows the vertically integrated water vapor flux during the four heavy precipitation processes. The water vapor flux was computed from the NCEP/NCAR reanalysis daily average data, where the spatial resolution is 1 • × 1 • . The four panels of Fig. 3 represent the relative contribution of water vapor in the four precipitation processes during 10 January-16 January, 18 January-22 January, 25 January-29 January, and 31 January-2 February 2008. Figure 3a and b shows that this water vapor was mainly initiated from the Arabian Sea and the Bay of Bengal and moved with an eastward propagation of a short wave trough in the westerlies. The secondary source of the water vapor during the first two precipitation processes was the Pacific Ocean where water vapor moved westward to a strong convergence zone in South China. Figure 3a and b also indicates that the water vapor in the abovementioned movements passed through the eastern Tibetan Plateau while abundant water vapor was concentrated on the southeastern Tibetan Plateau. Thus, the water vapor over the Tibetan Plateau was a crucial source of the heavy precipitation in South China. Water vapor in the third and fourth precipitations was partially transferred by southwesterly flow through the South China Sea and partially originated over the Bay of Bengal and arrived in South China with the southwesterly flow ahead of south branch westerly troughs. It is demonstrated in Fig. 3c and d that the water vapor involved with the third and fourth precipitations also passed through the southeastern Tibetan Plateau though its origin and transferring path are different from those in the first two precipitations. Therefore, the eastern Tibetan Plateau was an important transport point for water vapor during the heavy precipitation processes over South China.
GPS PWV data
As abovementioned, during the 2008 heavy rainfall, abundant water vapor was transported to South China along with wet and warm flows. The GPS stations on the Tibetan Plateau were on the route of the water vapor transport. Figure 4 de- picts the locations of the eighteen ground-based GPS stations having successful measurements during the storms and those of the twenty-four AWSs that provide precipitation data of South China.
It is known that GPS signal experiences propagation delays when traversing the ionosphere and neutral atmosphere. The ionospheric delay can be eliminated by using the dual frequencies (around 1.5 and 1.2 GHz) inherent in the GPS signal (Bevis et al., 1992) . The Zenith Total Delay (ZTD), the delay of the neutral atmosphere, is estimated hourly using GAMIT/GLOBK v10.32 (King and Bock, 2005) and the GPS data where a sampling rate of 30 s and a cutoff angle of 15 • are applied. The ZTD can be split into Zenith Hydrostatic delay (ZHD) and Zenith Wet Delay (ZWD). The ZHD is derived using the Saastamoinen model (Saastamoinen, 1972) and measured surface pressure while the ZWD can be computed by subtracting the ZHD from the ZTD. The ZWD, having an accuracy of 1 cm, is then converted into PWV. Measured surface temperature is employed in the conversion from ZWD to PWV. Figure 5 shows the comparison between the GPS PWV data from Mengzi, Yunnan (23.37595 • N, 103.38509 • E) and the PWV derived from radio-sounding measurements. As the radio-sounding measurements are performed two times a day at 12:00 and 24:00 UTC, they were compared with the GPS PWV data at the same time during 6 January-2 February 2008. The average bias of the two measurements is 0.358 cm while the standard deviations of the GPS PWV and radio-sounding measurements are 0.509 and 0.401 cm, respectively. The mean distance between the GPS station and the radio-sounding measurement is 15 km. Figure 5 shows that the PWV from the GPS station and radiosounding measurements agrees very well. The correlation coefficient is 0.83137 with a confidence level greater than 99.9%.
www.ann-geophys.net/28/1369/2010/ 4 Analysis of the heavy precipitation over South China using GPS PWV measurements from the Tibetan Plateau Figure 6 shows the hourly PWV data from five GPS stations during 6 January-2 February 2008. By comparing with Fig. 1 , we found that the precipitation over South China increased with the GPS PWV. Specifically, the precipitation in the third and fourth processes substantially increased when the GPS PWV achieved its maximum value.
In this section, we study the relationship between the GPS PWV and the heavy precipitation over the Tibetan Plateau and South China, respectively. Because abnormal weather is related to atmospheric disturbances at various scales of time and space, the Empirical Orthogonal Function (EOF) analysis is employed to find time series and spatial patterns of the GPS PWV. Using EOF analysis, we extracted the large-scale signal of the PWV from the low-order EOFs. At the same time, the water vapor transports can be distinguished based on their orientations and the origins of the moisture sources. The hourly PWV data during 6 January-2 February 2008, was standardized and decomposed into terms of Empirical Orthogonal Functions (EOF) to describe the spatial and temporal variability. The first two eigenvectors explain 62% of the total variance, which indicates that they describe the major spatial distribution of the GPS PWV data over the eastern Tibetan Plateau. Figure 7a shows the first eigenvector that explains 45% of the total variance. It suggests that the spatial distribution of the GPS PWV data was quite stable during the heavy precipitation over South China. Two largest variable centers of GPS PWV are found in eastern Tibet and Yunnan. The second eigenvector (see Fig. 7b ) explains 17% of the total variance and indicates that eastern Sichuan and Yunnan have opposite variance for the spatial distribution of the GPS PWV. Figure 7b indicates that the other variable center of GPS PWV is located on the northeastern Tibetan Plateau. The averaged altitudes of the GPS stations in eastern Tibet, Yunnan and eastern Sichun are 3300 m, 2000 m, and 500 m, respectively. Thus, EOF analysis can be also used to distinguish the GPS PWV in terms of its variable centers and the altitudes of the GPS stations. It also reveals that the distributions of PWV in Fig. 7a and b correspond with the water This study analyzed the effect of the two variable centers of GPS PWV on the heavy precipitation over South China. As described in the introduction, the first two heavy precipitation events happened in the northern part of South China while the third and fourth precipitations were detected in the southern part of South China. Based on the spatial distribution of the precipitation, we hereafter address the precipitating areas as areas I and II (see Fig. 4 ) that are associated with the first two and last two precipitations, respectively. Fourteen and twenty AWSs, respectively, are located in these two areas.
Based on the theory of EOF analysis, the time series of expansion coefficients associated with the first eigenvector of GPS PWV data represents the variation of the PWV over time on the southeastern Tibetan Plateau during the heavy precipitation. It is seen from Fig. 8a that the PWV over the southeastern Tibetan Plateau did not substantially increase during the first two precipitations. However, during the third and fourth precipitations, the PWV over the southeastern Tibetan Plateau significantly increased which strongly corresponds with the precipitation over area II (see Fig. 8b) . Figure 8b shows the hourly precipitation given from the twenty AWSs of area II, where heavy precipitation occurred intermittently during 25 January-2 February. From the comparison between Fig. 8a and b , it is not difficult to deduce that the maximum values of the PWV over the southeastern Tibetan Plateau were above the precipitation peaks for area II. Shown in Fig. 8c are the correlation coefficients of the PWV over the southeastern Tibetan Plateau and the precipitation over area II with 0-72 h lags. From Fig. 8c , the PWV over the southeastern Tibetan Plateau is strongly correlated with the precipitation with a 24-48 h lag giving confidence greater than 99.0%. Therefore, 1-2 days ahead of PWV over the southeastern Tibetan Plateau can substantially denote the precipitation over South China. To verify this conclusion, we applied wavelet transform to hourly PWV from Dali GPS station (in Yunnan) and precipitation from Ganzhou AWS (in Jiangxi) during the third and fourth precipitation events (23 January-2 February) where the Dali GPS station and Ganzhou AWS represented the GPS stations on the southeastern Tibetan Plateau and the AWSs on area II, respectively. Wavelet transform is a powerful tool to describe the subgrid-scale variability of signals in the assumption of a known coarse-scale field (Kumar, 1996) . In this study, we used wavelet transform to separate physical meaningful signal components from background noise and analyze the relationship between the variation in the PWV and the precipitation over the Tibetan Plateau and South China, respectively. Figure 8d and e are the time-frequency representations of the PWV from Dali GPS station and the precipitation from Ganzhou AWS, respectively. It was found that the variation trends of the PWV and precipitation are very similar. The PWV formed slightly ahead of the precipitation, particularly during the fourth precipitation when the increase of the PWV was 1-2 days ahead of the precipitation. Overall, the results shown in Fig. 8 indicate that the southeastern Tibetan Plateau was on the route of the water vapor transport associated with the third and fourth heavy precipitations.
The time series of expansion coefficients associated with the second eigenvector of GPS PWV data (Fig. 9a) represents the variation of PWV over the northeastern Tibetan Plateau during the heavy precipitation. Figure 9b shows the precipitation over area I. It is clearly evident that the PWV over the northeastern Tibetan Plateau closely corresponds with the first two heavy precipitations. The PWV started to increase on 9 January when the first precipitation formed about 24 h later. Then both the PWV and precipitation over area I achieved their maximum values during 11 January-12 January. Moreover, the PWV showed a growing trend with the coming of the second heavy precipitation on 18 January. It is suggested that other water vapor sources may also have contributed to the second precipitation process because of the smaller PWV increase compared to the first precipitation. Figure 9c shows the correlation coefficients of the second eigenvector of GPS PWV and the precipitation over area I with 0-72 h lags. The relationship between the PWV over the northeastern Tibetan Plateau and the precipitation with a 0-24 h lag arrives at the largest confidence level -greater than 99.0%. However, the duration of the relationship between the PWV over the northeastern Tibetan Plateau and the precipitation over area I was not as long as the PWV over the southeastern Tibetan Plateau and the precipitation over area II. This may have occurred partially because the center of the PWV over the northeastern Tibetan Plateau was closer to the precipitation area than the southeastern Tibetan Plateau. Of course, differences in the dynamical and thermodynamical processes could be another reason that led to the correlation between PWV and precipitation with a diverse lag time. 
Conclusions
The area east of the Tibetan Plateau was one of the important transport points of water vapor during the 2008 heavy snowfall over South China. It became possible to analyze the water vapor transport during the precipitation by taking advantage of PWV data from ground based GPS stations on the Tibetan Plateau. Using the EOF analysis method, we divided the eighteen GPS stations into two GPS PWV groups located on the southeastern and northeastern Tibetan Plateau. We found that the southeastern Tibetan Plateau was on the route of the water vapor transport during the third and fourth heavy precipitations. The increased trend from the one to two days pre-observation of PWV over the southeastern Tibetan Plateau could be a strong indication for heavy precipitation over area II. The northeastern Tibetan Plateau was one of the important transport points for the water vapor during the first two heavy precipitations. The abnormal variation of the one day pre-observation for this PWV group had very good correspondence to the heavy precipitation over area I. It is concluded that the variation in GPS PWV over the Tibetan Plateau could be an important reference for the prediction of precipitation over South China. Because the GPS stations were recently established and very limited data is available due to technical reasons, the discussion above was given based on the analysis of the four heavy precipitation events in 2008. It is known that heavy precipitation is usually affected by numerous meteorological factors and high PWV is only one of them. However, our study has accessed the potential for using the GPS PWV measurements as initial conditions to improve the operational numerical models.
